Summary. The In Expt 1, constant-release melatonin implants had no effect on the percentage of gilts which reached puberty. Among the 24 control gilts, two (8\m=.\3%) reached puberty compared with one of the 24 (4\m=.\2%)gilts with implants. In all the samples from control gilts, and in the samples taken from treated gilts prior to implantation at 126 days of age, mean plasma melatonin concentration was below the sensitivity of the assay (3\m=.\6pg/ml). In the samples taken from treated gilts 18 days after the first implants, mean plasma melatonin concentration had increased to 34\m=.\1 pg/ml (P < 0\m=.\001). In the samples taken 17 days after the insertion of the second pair of implants, mean plasma melatonin concentration was higher than it had been at 144 days (66\m=.\6 vs. 34\ m=. \ 1 pg/ml, s.e.m. = 2\m=.\03,P < 0\m=.\001).
Introduction
Work in our laboratory has established that photoperiod plays a major role in controlling the seasonal variation in attainment of puberty in domestic gilts (Paterson & Pearce, 1990; Paterson et al, 1991) , but how gilts monitor daylength has been the subject of debate. Recently, we have shown that domestic gilts display a diurnal variation in plasma melatonin concentration (Paterson et al, 1992) which is similar to that observed in other species that use melatonin for this purpose (Lincoln et al, 1982; Arendt, 1986) . The pattern of plasma melatonin we observed in the dark phase, with peak concentrations measured 1-2 h after lights off followed by a gradual decline towards baseline, was almost identical to that reported for European wild pigs (Mauget et al, 1990) . Reproductive activity in this species exhibits a high degree of seasonality, which is controlled by photoperiod (Mauget, 1982) and, as in other species, the diurnal variation in melatonin is believed to be the means by which photoperiodic information is transduced. The findings of Paterson et al. (1992) suggest that this physiological mechanism also operates in domestic pigs.
In sheep (Kennaway et al, 1982; Lincoln & Ebling, 1985; English et al, 1986) , deer (Adam & Atkinson, 1984; Adam et al, 1989; Fisher et al, 1989) and goats (McGregor et al, 1989 ) inhibition of reproductive activity by long days can be overcome by the administration of exogenous melato¬ nin, given either orally or by slow-release implant. We have already demonstrated that the seasonal inhibition of attainment of puberty in domestic gilts can be prevented by applying a short-day regimen (Paterson & Pearce, 1990 ), but such methods may be difficult to use in combating seasonal reproductive dysfunctions at the practical level. Based on published work in other photoperiodic species, we hypothesized that administration of exogenous melatonin to domestic gilts would pre¬ vent the seasonal inhibition of puberty. In the experiments reported here, we studied the effect of exogenous melatonin, given either orally or by constant-release implant, on attainment of puberty and plasma melatonin concentrations in gilts which were expected to exhibit seasonal inhibition of puberty (Paterson et al, 1991 of Maxwell et al. (1989) . This direct assay, which we have previously used to measure melatonin in pig plasma (Paterson et ai, 1992) , has been validated for sheep and deer plasma by high-performance liquid chromatography and electron capture, by gas chromatography mass spectroscopy and by comparison with an extraction-based assay which uses a different antiserum (Newman et ai, in press).
[0-Methyl-3H]melatonin (85 Ci/mol) was purchased from the Radiochemical Centre (Amersham, UK) and antiserum (Prospect 6A) to a prepared antigen, the hemisuccinimide derivative of melatonin conjugated to human serum albu¬ min (Foldes et ai, 1983) , was raised in Merino ewes in our laboratory. All other reagents were commercially available reagent grade. Standard curves and quality controls were prepared in daytime plasma collected from gilts of a similar age in the Medina herd. Each assay included quality control standards as well as recovery standards obtained by analysis of porcine plasma with known amounts of exogenous (added) melatonin. The average limit of detection (two standard deviations below the mean of triplicate zero standards) for 11 assays in which samples from this experiment and the experiments described by Paterson et al. (1992) were assayed was 3-6 pg/ml. The coefficient of variation of porcine samples was 10% at 80 pg/ml between assays and 13% within assays.
Statistical analysis
The data for age and weight were compared using Student's I tests. The proportion of gilts which reached puberty on the two treatments in each experiment were compared using simple 2x2 Pearson 2 tests. The plasma melatonin data in Expt 1 were subjected to an analysis of variance for repeated measures with treatment (control or implanted) as the main effect and sampling day as the repeated measure. The plasma melatonin data in Expt 2 were transformed logarithmically because the variance was proportional to the mean, and then subjected to an analysis of variance for repeated measures with treatment (dose of melatonin) as the main effect and sampling time as the repeated measure. Where analysis of variance revealed significant effects, comparisons of values between treatments were made on the transformed data using a least significant difference (LSD) based on the between-group s.e.m. calculated from a combination of the residual and treatment x pig mean squares as described by Cochran & Cox (1957) The melatonin implants had no effect on the proportion of gilts which had reached puberty when they were slaughtered at 223 days of age. Among the 24 control gilts, two (8-3%) reached puberty compared with one of the 24 (4-2%) of the melatonin implanted gilts (Fig. 1) . Analysis of variance revealed a significant effect of treatment (P < 0001), day (P < 0001) and treatment day inter¬ action ( < 0001) on the mean plasma melatonin concentration on the three sampling days. Mean plasma melatonin concentration was below the sensitivity of the assay in the samples taken from the control gilts on all three days and in the samples taken from the implanted gilts prior to implan¬ tation at 126 days (Fig. 2) . In the samples taken at 144 days, mean plasma melatonin concen¬ trations were higher (P < 0001) in the implanted than in the control gilts. In the samples taken at 178 days, 17 days after the insertion of the second pair of implants, the mean plasma melatonin concentration in the implanted gilts was again higher (P < 0001) than that in the controls, and it was also higher (P < 0001) than it had been at 144 days. (period 3, 18:30-22 :00 h) were compared, analysis of variance revealed a significant effect of treatment (P < 001), period (P < 0001) and treatment period interaction (P < 0001).
Gilts fed pellets not containing melatonin had mean plasma melatonin concentrations below the sensitivity of the assay throughout the period when the lights were on (12:00-18:00 h). One hour after the lights were turned off, mean plasma melatonin concentration had increased significantly (0-43 to 0-95 ng/ml on the log scale, within-treatment s.e.m. = 013, LSD = 0-45, < 0-05) and remained high until the end of sampling at 22:00 h. The back-transformed means for mean plasma melatonin concentration in gilts not fed melatonin are shown in Fig. 3a . In gilts fed pellets containing melatonin, mean plasma melatonin concentrations were below the sensitivity of the assay before feeding. By 30 min after feeding, mean plasma melatonin concen¬ trations had increased significantly in all treatments (1 mg, 0-50 to 1 -86; 2 mg, 0-46 to 2-26; 4 mg, 0-88 to 2-56ng/ml on the log scale, within-treatment s.e.m. = 013, LSD = 110, < 0001) and remained high until the end of sampling at 22:00 h. The differences between the treatments 1 h after feeding were not statistically significant Fig. 3b .
In Part B, daily feeding of 1 mg of melatonin increased (P < 005) the proportion of gilts which had reached puberty when they were slaughtered at 221 days of age. Among the 27 gilts which were fed melatonin, 15 (55-6%) reached puberty compared with six of the 25 (24%) control gilts (Fig. 1) (Paterson et al., 1989a (Paterson et al., , 1989b (Paterson et al., , 1991 . The percentage which reached puberty in Expt 2 tended to be slightly higher than in Expt 1, but it was still much lower than we normally observe in uninhibited gilts. This trend was probably due to the gilts in Expt 2 being housed and fed individually, which resulted in faster growth and higher body weight than normally seen in group-housed gilts at the same age in this herd (Paterson et al, 1991) . These data confirm that attainment of puberty is indeed inhibited by season in domestic gilts which reach 165 days of age in the summer months. Isolated control gilts therefore provide an excellent working model to test factors for their ability to overcome seasonal inhibition of reproductive processes in the pig, and it is against this background that the data for the melatonin-treated gilts is assessed.
The provision of constant-release melatonin implants to isolated gilts did not overcome the seasonal inhibition; the percentage of implanted gilts which reached puberty remained low. How¬ ever, when exogenous melatonin was given orally, the percentage of gilts reaching puberty signifi¬ cantly increased, and reached the level normally seen when gilts either reach 165 days of age in the winter under shed conditions (Paterson et al, 1991) or are reared under an artificial short-day light regimen (Paterson & Pearce, 1990) . These results show clearly that oral application of melatonin to extend the period each day when plasma melatonin is increased, thus mimicking the natural endogenous diurnal rhythm typical of short days, overcomes the inhibition of puberty, but that the provision of a constant-release implant does not. In this, domestic pigs differ from sheep and deer, in which both implants and oral melatonin can stimulate reproductive activity under inhibitory photoperiods (Kennaway et al., 1982; Lincoln & Ebling, 1985; Adam & Atkinson, 1984; English et al, 1986; Adam et al, 1989) . We have previously shown that constant-release melatonin implants given by the same regimen as used in Expt 1 provide a constant, high plasma melatonin concentration above which a diurnal rhythm cannot be detected (Paterson et al, 1992 ). It appears that gilts interpret this hormonal milieu as a total dark or ultrashort-day situation, conditions which are known to inhibit reproductive activity in pigs Ntunde et al, 1979; Diekman & Greiger, 1988) . In sheep, melatonin implants increase the daytime baseline concen¬ tration of plasma melatonin, but they do not abolish the diurnal rhythm (Foldes et al., 1990) . This suggests that, in sheep, both the baseline and the diurnal rhythm of melatonin are important, but in pigs it appears that the diurnal rhythm is the criterion by which information about daylength is transduced.
The plasma melatonin data collected in these experiments are important for a number of reasons. First, they confirm our previous report (Paterson et al, 1992) (McConnell & Ellendorff, 1987; Diekman et al, 1990; Peacock et al, 1990a, b) may now be attributed to inadequacies in assay methodology or anomalies in the experimental conditions under which the samples were collected.
The second important finding of this study is that melatonin is orally active in domestic pigs. Plasma melatonin was increased within 30 min of ingestion of pellets containing melatonin and it remained high for at least 8 h. Plasma concentrations were declining by 22:00 h, and it appears likely that they would have returned to basal levels by the morning, although we do not have any data between 22:00 h and 12:00 h the next day to substantiate this. To our knowledge, there are no published data from serial blood samples in pigs fed melatonin to compare with our results. In humans, Wetterberg et al. (1977) reported a transitory peak in plasma concentrations following feeding of melatonin, but in sheep and goats oral administration of melatonin increased plasma concentrations for at least 7 h (Kennaway & Seamark, 1980) . These authors suggested that the different plasma pattern in humans and sheep was due to the retention of melatonin in the rumen and subsequent absorption over a longer period further down the gastrointestinal tract. Our data for pigs are similar to those of Kennaway & Seamark (1980) for sheep and goats and bear little resemblance to the data for humans, despite the fact that pigs are monogastrics like humans. Either absorption of melatonin is much slower in pigs than in humans or the doses used in the present study were so large that the absorption phase was prolonged. The data support the latter sugges¬ tion, because melatonin appeared in the plasma rapidly after feeding, but then plasma concen¬ trations remained high before starting to decline some 6 h later. This period of stability can be interpreted to mean that absorption of melatonin from the gut was continuing at about the same rate as clearance from the plasma was taking place in this period. The fact that the mean plasma concentrations measured in our pigs after feeding were over 100 times greater than the basal concentrations and over 10 times greater than the nocturnal increase in control gilts, even at the lowest dose of melatonin, further supports the suggestion that the doses used may have led to a lengthy absorption phase.
Although we have previously measured high plasma concentrations in implanted gilts (Paterson et al, 1992) The plasma melatonin concentrations measured in the implanted pigs were lower than those in the pigs which received melatonin in their feed, and it could be suggested that the ineffectiveness of the implants was due to these lower concentrations. However, we have previously measured mean plasma melatonin concentrations of > 90 pg/ml in gilts treated with the same implant regimen (Paterson et al., 1992) and these values are comparable with those measured in pigs fed 1 mg of melatonin in the present experiment. It therefore appears likely that the difference in the pubertal response to implants and oral melatonin was due to the diurnal pattern provided by the oral application rather than to the absolute plasma concentrations achieved. The difference in the plasma melatonin concentrations measured in the implanted animals in our two studies may be explained by the site from which samples were taken. In the experiment reported in Paterson et al. (1992) , we collected blood from indwelling catheters placed in the right jugular vein, whereas in the present experiment we collected blood from a superficial vein in the left ear. Since the implants were placed behind the right ear in both experiments, it is not surprising that higher concentrations of plasma melatonin were measured in the samples collected from the ipsilateral jugular vein, which would have been carrying blood draining directly from the area containing the implants. This observation points out the necessity for care to be taken to standardize the site of blood sampling within each experiment and to define the sampling site when comparisons are drawn among experiments.
In conclusion, the main finding of these experiments, that oral melatonin given each afternoon overcomes the seasonal inhibition of attainment of puberty in domestic gilts, provides further evidence that photoperiod is the environmental factor mediating seasonality in this species. The data on plasma melatonin described here, together with the finding that constant-release melatonin implants did not affect puberty, support the conclusion that the diurnal rhythm of plasma mela¬ tonin, rather than the absolute concentration is the important characteristic 
